Lipid and water molecules comprising the bilayer form an integral entity owing to only weak physical interactions. At the bilayer interface, these interactions chiefly involve hydrogen bonding and charge pairing. Lipid head groups make hydrogen bonds (H-bonds) predominantly with water, whereas interlipid H-bonds and charge pairs are less numerous. Both interlipid H-bonding and charge pairing depend on the distance and relative orientation of the interacting head groups. In this computational paper, correlations are analysed between the orientation of the lipid head group and the number of interlipid interactions at the interface of a bilayer made of galactolipids, forming direct interlipid H-bonds, and of phosphatidylcholines forming interlipid charge pairs. The correlations are not strong, however, in both bilayers they show a similar trend.
The surface area per lipid, A L , in the lipid bilayer is an important structural parameter of the bilayer [1] . Its value is determined by the balance of interactions taking place at the bilayer interface, particularly the balance between lipid-lipid and lipid-water interactions, and also by the balance of interactions at the interface and those in the bilayer core [2, 3] . In phosphatidylcholine (PC) bilayers, a strong correlation between an average A L and an average number of water molecules in the first hydration shell of the head group (head group hydration) [4, 5] , and also between an average A L and an average number of intermolecular interactions at the bilayer interface [4] were demonstrated -with increasing head group hydration, A L increases, with increasing number of interlipid interactions, A L decreases. Such correlations were shown to hold also between A L of an individual PC molecule and the number of intermolecular interactions this molecule makes at the interface [4] .
The aim of the analyses presented in this paper is elucidation of whether and how intermolecular interactions at the lipid bilayer interface are possibly related to the orientation of the lipid head groups, and whether the same relation holds for a galactolipid bilayer as for a PC bilayer. The analyses were carried out for 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) and 1,2-di-O-acyl-3-O-b-D-galactopyranosylsn-glycerol (monogalactolipid, MGDG) with both alinolenoyl (di-18:3, cis) acyl chains, lipid bilayers. The head groups of MGDG (galactose) and DOPC (phosphorylcholine) differ in the chemical structures. The galactose moiety has four OH groups (Fig. 1A ) that are both donors and acceptors of hydrogen (H-) bonds, whereas the phosphorylcholine moiety has only Abbreviations DOPC, 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine; MD, molecular dynamics; MGDG, 1,2-di-O-acyl-3-O-b-D-galactopyranosyl-sn-glycerol; PC, phosphatidylcholine.
H-bond acceptor groups but as zwitterionic, has negatively and positively charged groups (Fig. 1C) . Thus, at the bilayer interface, MGDG and DOPC head groups participate in different intermolecular interactions which results in different values of A L and possibly in different orientations of the head groups.
To our knowledge, analyses of correlations between the head group orientation and the number of intermolecular interactions at the bilayer interface have not been performed so far. Information obtained from such analyses may lead to a better understanding of the organisation of the bilayer interface and to improved prediction of its properties.
Methods

Simulation systems
Two bilayers were constructed manually from single 18:3 MGDG and DOPC (Fig. 1A ,C) molecules (details are given in Ref. [6] ). Each bilayer contained 8 9 8 9 2 (128) lipids. The MGDG and DOPC bilayers were hydrated with 30 and 53 H 2 O/lipid, respectively. The equilibrium number of water molecules at full hydration, i.e. the number of water molecules taken up by the bilayer in equilibrium with free water [7] , is 13-19 H 2 O/MGDG in the MGDG bilayer [8] [9] [10] and 32.5-34 H 2 O/DOPC in the DOPC bilayer [10, 11] . When the bilayers were hydrated with the equilibrium numbers of water molecules, the water layer separating the bilayer from its periodic image in each system was too thin. To prevent possible interlamellar lipid-lipid interactions via periodic boundary conditions, in each bilayer, the number of H 2 O molecules was higher than the equilibrium number. It should be stressed that above equilibrium hydration, the number of lipid•••water Hbonds does not depend on the number of H 2 O/lipid [12] . The ratio of water to lipid volumes is 0.74 : 1 in the MGDG bilayer, and~1.3 : 1 in the DOPC bilayer.
Simulation parameters and conditions
Parameters for the DOPC molecule as well as for the alinolenic chain, and the glycerol moiety of the MGDG molecule, except for the partial charges on the whole In the DOPC head group and the MGDG glycerol backbone, the atom numbering and notation of the torsion angle h are according to Sundaralingam's nomenclature [13] with an exception for the C1 and C3 carbon atoms that are here swapped. The numbering of the galactose ring atoms and notation of glycosidic torsion angles φ and w are according to IUPAC convention [14] . Only the polar hydrogen atoms (H) of MGDG are displayed; the oxygen (O), nitrogen (N) and phosphorus (P) atoms are red, blue and orange respectively; the chemical symbol for carbon atoms, C, is omitted. The DOPC oxygen atoms (Op, Oe, Oc) participating in charge pairing are red and black.
DOPC head group and the MGDG glycerol backbone, were taken directly from the all-atom optimised potentials for liquid simulations (OPLS-AA) force field associated with the GROMACS 4 software package [15, 16] . Partial charges on the DOPC polar part and the MGDG glycerol backbone were taken from [17] . For the b-galactose moiety, OPLS-AA parameters for carbohydrates [18] were used. For water, the transferable intermolecular potential threepoint model (TIP3P) was used [19] . The detailed description of the simulation parameters and the motivation for the choice of the force field parameters and partial charges are given in Ref. [6] . The molecular dynamics (MD) simulations were carried out in the NPT ensemble, under a pressure of 1 atm and at room temperature of 295 K (22°C) for 450 ns.
Intermolecular interactions at the bilayer interface
The main intermolecular interactions at the bilayer interface are H-bonding and charge pairing. To determine whether they are formed, geometrical criteria were used as in Ref. [20] .
Results and Discussion
In the analyses below, 100-ns fragments of trajectories generated between 300 and 400 ns of the respective MD simulations of the bilayers were used.
Surface area per lipid
The average surface area per lipid, A L , in the DOPC and MGDG bilayers at 295 K are given in Table 1 .
Intermolecular interaction at the interface
Lipid•••water H-bonds
The average numbers of lipid•••water H-bonds and Hbonded water molecules per lipid in the DOPC and MGDG bilayers are given in Table 1 . As some of the H-bonded water molecules are simultaneously Hbonded to two lipid molecules (water bridges), the number of H-bonded water molecules is smaller than the number of H-bonds. Even though DOPC is only an H-bond acceptor, it makes more H-bonds with water and binds more water molecules than MGDG, which has both H-bond donor and acceptor groups. This apparently surprising result as well as the smaller number of water bridges (Table 1) may be attributed to a much larger surface area per DOPC than MGDG (Table 1) -as it was shown in Ref. [21] for a PC bilayer, there is a strong positive correlation between A L and the number of H-bonds with water/PC and a negative correlation between A L and the number of water bridges/PC.
Lipid-lipid charge pairs
Charge pairs [20] can form in the DOPC bilayer only. A choline methyl group (N-CH 3 ) can make a charge pair with oxygen atoms O13, O14 (collectively called Op) and O11, O12 (collectively called Oe) of the phosphate group and oxygen atoms O22, O32 (collectively called Oc) of the carbonyl groups (Fig. 1C) .
The average numbers of all interlipid charge pairs/ DOPC and those with each type of the oxygen atoms are given in Table 1 .
Lipid•••lipid H-bonds
Direct lipid•••lipid H-bonds can form in the MGDG bilayer only. The average number of the interlipid Hbonds/MGDG is given in Table 1 .
The entries presented in Table 1 clearly demonstrate that A L depends on the number of lipid•••water Hbonds at the interface. In PC bilayers, A L depends also on the presence of a double bond in the chain, on the position of the double bond in the monounsaturated chain and on the number of the PC monounsaturated chains (one or two) [22] . Unfortunately, the 18:3 MGDG bilayer analysed in this study can only be compared with the 16:0 MGDG bilayers analysed in Ref. [23] because of the lack of other data. The 18:3 ). However, 16:0 MGDG makes only 6.46 H-bonds with water compared to 9.10 AE 0.20 for 18:3 MGDG and its both chains are saturated thus A L for the 16:0 MGDG bilayer is smaller. Based on this result, one can conclude that dependencies observed for PC bilayers [4] hold also for the MGDG bilayer.
Orientation of the lipid head group
The number of each type of intermolecular interactions at the bilayer interface is possibly related to the orientation of the lipid head group (tilt). This possibility is examined below. To determine orientations of the head groups, to each head group a vector (head group vector, Fig. 1B,D) is assigned, and its angles with the bilayer normal (x angle, tilt) at 1-ps interval are established. In the MGDG bilayer, the vector connects the C2 atom in the glycerol and the O4 atom in galactose moieties (Fig. 1A) (CO vector, Fig. 1B ). In the DOPC bilayer, the vector connects the phosphorus and nitrogen atoms in the phosphorylcholine moiety (Fig. 1C) (PN vector, Fig. 1D ). Such a defined DOPC head group vector was chosen to compare our results with those of experimental studies [24, 25] , and of other MD simulations [23, [26] [27] [28] . The PN vector has a large dipole moment and its orientation determines the electrostatic potential across the membrane [28] so its orientation in the bilayer is of special interest. The MGDG CO vector was chosen to compare our results with those in Ref. [23] . In Ref. [26] , the MGDG head group vector was defined as that connecting C1 0 and C4 0 galactose atoms (Fig. 1A) . To check the effect of the head group vector definition on its orientation, two additional vectors were defined -one connecting the C1 0 and C4 0 atoms of the MGDG galactose (CC vector, Fig. 1B) , as in Ref. [26] , and the other connecting the C2 and N atoms of DOPC (CN vector ,  Fig. 1D) ; the latter has been analysed neither experimentally nor computationally so far.
Distributions of the x angles for the four defined head group vectors are shown in Fig. 2 . The distribution of x for the DOPC PN vector is much broader (ranges from 0°to 180°, Fig. 2A ) than for the MGDG CO vector (ranges from 0°to 120°, Fig. 2B ). However, the distribution of x for the DOPC CN vector (Fig. 2C) is very similar to that for the MGDG CO vector and both range from 0°to 120°. The distributions of x for the MGDG CO and CC vectors (Fig. 2D) are very similar which implies that the glycosidic link is rigid and particularly that the φ angle has very restricted conformational freedom. In contrast, the distributions of x for the DOPC PN and CN vectors differ indicating that the PN vector has great rotational freedom due to lowenergy barriers for rotation for a1 and a2 torsion angles in the range (~90°,~270°) [29] and in effect, due to a large value of an average A L (Table 1) , whereas conformational freedom of the h torsion angle is restricted [29] , thus the rotational freedom of the CN vector is constrained. The most probable (preferred) values of x are 86°for PN, 38°for CN, 38°for CO, and 32°for CC vectors (Fig. 2, and Table 1 ). Thus, the DOPC PN vector is, on average, almost parallel to the bilayer surface, whereas the DOPC CN and MGDG CO and CC vectors are tilted~60°relative to the bilayer surface. The value of the preferred orientation of the PN vector as well as a broad distribution of the x angle agree well with experimental data in Refs [24, 25] and other MD simulations [26] [27] [28] . The values of the preferred orientation of the MGDG head group vectors are in accord with NMR spectroscopy data of Howard and Prestegard [30] showing that galactose head group of MGDG is tilted to the bilayer surface and also with values obtained in other computational studies, of~40°for the CO vector [23] and~30°for the CC vector [26] . The values of the preferred orientations of the CN vector cannot be compared with other data due to their lacking.
Tilt of the MGDG head group may also be related to its conformation, thus the analyses below are started from calculating correlations between the MGDG head group orientation and its conformation. As neither the conformation of the glycosidic link nor the number of the intermolecular interaction at the bilayer interface depends on the definition of the head group vector, the calculations below are performed for the MGDG CO and DOPC PN vectors only.
Correlation between tilt of the CO vector and the conformation of the MGDG head group
In our previous paper [6] , the most populated conformations of the MGDG head group were assessed and compared with experimentally determined values. The preferred conformations of the glycosidic link torsion angles φ, w, and h (marked in Fig. 1A ) calculated from trajectory generated in 450-ns MD simulation of φ =~300°, w =~180°, and h =~180°or h =~300° (  Fig. 3 ) agree very well with those in Ref. [6] . Based on Figs 2 and 3, one would not expect any strong correlation between the orientation of the CO vector and the conformation of the glycosidic link; nevertheless, twodimensional histograms between the tilt of the CO vector (x) and the conformations of the torsion angles are calculated and shown in Fig. 4A-C. As expected, Fig. 4A -C, confirms that conformations of the torsion angles and x are practically not correlated -for any of the populated values of the torsion angles, the values of x are broadly distributed. There is only a small difference between h = 180°and h = 300°; when h = 180°, x can take almost equally likely any value in the range (0°,~100°), and for h = 300°in the range (0°,~60°).
The correlation coefficients for φ, w, and h (Table 2 ) indicate that the correlation between x and φ or w is, according to the Evans criteria [31] , very weak, and between x and h is weak and that all correlations are negative. This is a quite unexpected result that for such narrowly distributed values of the φ, w, and h torsion angles (Figs 3 and 4) , the distribution of orientations of the MGDG head group is so broad that in effect, the conformation of the MGDG head group has a very small effect on its orientation.
Correlation between tilt of the CO vector and the number of intermolecular interactions
To check whether the number of intermolecular interactions at the bilayer interface is correlated with the orientation of the head group, two-dimensional histograms and correlation coefficients between x and the number of MGDG H-bonds with water (MGDG•••H 2 O) and with other MGDG (MGDG••• MGDG) are calculated and presented, respectively, in Table 2 and Fig. 4D ,E. The values of the correlation coefficients (Table 2 ) and the histograms (Fig. 4) are shown in Fig. 5 . Panels B-D of Fig. 5 indicate that the largest number of intermolecular charge pairs per DOPC in the DOPC bilayer, is for x larger thañ 60°, that is, for the PN vector orientation close to parallel to the bilayer surface. Nevertheless, the values of the correlation coefficients between x and the numbers of DOPC-DOPC charge pairs for Op, Oe, and Oc (Table 2 ) mean that the correlations are very weak but positive. An interesting but not surprising observation is that there is a strong correlation between charge pairs involving Op and Oe (Table 2) , and a less strong correlation between those involving Op and Oc (Table 2) . This means that when the DOPC choline group forms a charge pair with Op, it is quite likely that it forms also with Oe, and possibly with Oc, but the latter is less frequent most likely because Oc is deeply buried in the interface compared to Op and Oe. As expected, the correlation coefficient between x and the number of DOPC•••H 2 O H-bonds is negative, but it is very small ( Table 2) . The correlation coefficients (Table 1) predominantly results from interlipid charge pairing interactions; however, dipolar interactions among DOPC head groups might also contribute to such an orientation [28] . If the above analyses were performed for a differently defined DOPC head group vector (e.g. CN), they would show a picture similar to that for the PN vector only with different values of the x angle. It has been already stressed that the PN vector has a large dipole moment and its orientation has an impact on the properties of the bilayer [28] , so it is of special research interest.
The negative correlation coefficient between x and the head group hydration in both MGDG and DOPC bilayers should in fact be expected -the more the head group protrudes towards the water phase (smaller x), the more hydrated it gets. The positive correlation coefficient between x and the number of lipid-lipid interactions should also be expected; as with increasing x, the head group is less hydrated and more readily interacts with other head groups. These mutual dependencies are not strong but they show an expected, rational tendency.
Based on the results presented above, one might conclude that the preferred orientation of the lipid head group is a particular feature of lipids forming the bilayer and reflexes, apart from the structural characteristics of the lipid molecule, the balance between (Fig. 1A) . For other explanations, see Table 1 and the text. various intermolecular interactions at the bilayer interface.
Conclusions
The distribution of the head groups' orientations (tilt) and their preferred orientation in the MGDG bilayer do not depend on the choice of CO or CC as the head group vector -they are for both vectors similar. In the DOPC bilayer, both the distribution and the preferred orientation are different for the PN and CN vectors. The preferred orientation of the CO vector is 38°and the PN vector is 86°. The correlation between the tilt and the number of intermolecular interactions the head group makes is very weak in both bilayers. The MGDG head group tilt is practically not correlated with the conformation of its glycosidic link. There is a strong positive correlation between formations of charge pairs in the DOPC bilayer -formation of one charge pair promotes formation of another one. The dependencies between A L and an average lipid head group hydration as well as the degree of acyl chain unsaturation determined for PC bilayers hold also for the MGDG bilayer.
